Volume 77 THE QUARTERLY REVIEW OF BIOLOGY H UMAN IMMUNE RESPONSES usually defend against disease, but the immune system is not infallible: not only do immune responses sometimes fail to cure infection, but faulty responses can actually cause disease. The immune system has thus been characterized as a "double-edged sword," with both protective and destructive potential, depending upon the type and magnitude of immune response induced (Sell 1987) . Disease that results from immune system action is known as immunopathology and can entail, for example, tissue damage via misdirected antibody attacks or excessive inflammation (Sell 1987; Janeway et al. 1999) . Autoimmunity and allergy are by definition immunopathological diseases, affecting millions of people in the United States alone (Quintiliani 1994; Jacobson et al. 1997) . Immunopathology may also be the primary cause of disease associated with infection by nematodes and trematodes Maizels 1996, 1997; Mountford and Pearlman 1998) , malaria parasites (Clark and Chaudhri 1989) , and perhaps even the virus that causes the common cold (Wimalasundera et al. 1997) . The overall incidence of infectionrelated immunopathological disease has not been estimated, but the following illustrates its importance to human health. Both malaria and schistosomiasis are largely immunopathological diseases: the fever of acute malaria is associated with excessive secretion of TNF-␣ (tumor necrosis factor ␣, a proinflammatory cytokine) by cells of the immune system (Clark and Chaudhri 1989) , while the liver damage of severe schistosomiasis results from unmodulated inflammatory reactions to the deposition of schistosome eggs (Brunet et al. 1998) . Of the 17.3 million people worldwide who died of infectious diseases in 1997, at least 3 million died of malaria or schistosomiasis (WHO 1998b ).
This statistic not only presents a great challenge to global health workers, but it also poses a critical question to evolutionary biologists: why do so many human immune systems mount self-damaging attacks? Pathological immune responses can be costly to host fitness without reducing parasitism (Combes 1997) . If natural selection operates on host defense systems to minimize the fitness costs of infection, why hasn't selection eliminated immunopathological responses? The "Darwinian medicine" approach to understanding disease etiology emphasizes the role of both proximate and evolutionary (or ultimate) causes of disease (Williams and Nesse 1991; Nesse and Williams 1994; Stearns 1999; Trevathan et al. 1999) . Proximate causes include the immediate and direct mechanisms that are the focus of clinical medicine. For example, proximate causes of infection-induced immunopathological disease include the cytokine-mediated fever (McGuire et al. 1998 ) and anemia (reviewed in McGuire et al. 1999 ) associated with malaria infection. Ultimate causes of disease, on the other hand, consist in adaptive compromises in the face of conflicting selection pressures. Selective conflicts may arise when historical traits are rendered maladaptive in the current environment, such as in the switch of primates from quadrupedal to bipedal mode, with an associated suite of maladies (reviewed in Nesse and Williams 1994) , or when there is a fine line between help and harm, such as the capacity for cellular proliferation that allows tissue repair but can result in cancer (Williams and Nesse 1991) . In the case of immunopathology, the line of adaptive compromise might lie between the immune-mediated destruction of parasites, on the one hand, and hyperinflammation, for example, on the other. Natural selection favoring an antiparasitic mechanism could thus form an ultimate cause of disease, if the fitness gains associated with killing more parasites outweigh the fitness losses due to exacerbated anemia, fever, or other deleterious side effects of immune action.
In this review, I propose another ultimate cause for infection-related immunopathology. I begin with a general discussion of immune system errors that can lead to disease. Next, I describe a proximate cause of immunopathology that entails errors in the type of response mounted against infection, and then place these immune response errors into a multiparasite selection context. Concomitant infection of a single host by multiple parasite species can pose selective conflicts, because different types of immune IMMUNOPATHOLOGY DURING INFECTIONS response work best to clear different types of infections. Resolution of such conflicts requires adaptive compromises that occasionally include the induction of a faulty (pathological) response. These errors are perhaps inevitable, given the constraints of the immune system, as will be explored below. Use of the term "error" here is not meant to imply that the immune system chooses a pathological response when a better option is available. Rather, the idea of erroneous responses during concomitant infection is based upon what is known of the immune system's ability to cope with single-species infections. During concomitant infections, the immune response to each species of parasite may be rendered suboptimal and hence erroneous in comparison with what could be achieved in a single-species context. In cases where immunopathology is the proximate cause of disease, I argue that an ultimate cause of disease consists in constrained optimization of immune responses under conflicting selective pressures. Finally, I explore how merging immunology with evolutionary ecology can lead to the formulation of testable hypotheses in each field. Throughout the review, parasite is loosely defined (following Anderson and May 1991) to include all pathogens, both macroparasites and microparasites: viruses, bacteria, fungi, protozoa, helminths, and others.
The induction of different types of Thelper cell responses forms the mechanistic basis for these arguments, for T-helper cells have an important regulatory role in the immune system. Inducible (as opposed to constitutive) defenses allow organisms to respond to threat only when and if the need arises, and can allow organisms to tailor responses to particular threats (Adler and Harvell 1990; Harvell 1990a,b; Karban and Baldwin 1997; Harvell and Tollrian 1999) . The vertebrate immune system is an inducible defense repertoire of extraordinary complexity, specificity, and flexibility (Frost 1999) , with recognition (response inducing) and effector (action taking) functions that effectively eradicate many parasites ( Janeway et al. 1999) . Different subsets of T-helper cells enable different effector mechanisms and hence tailor responses to clear different infections (Mosmann and Sad 1996) . Induction of the appropriate T-helper cell subset is therefore essential for the defensive efficacy of an immune response, and errors in T-helper cell response induction result in immunopathological and/or ineffective immune responses that can exacerbate host disease and cause host mortality (Sher and Coffman 1992; Maizels 1996, 1997; Grencis 1996; Mosmann and Sad 1996; Romagnani 1996; Mountford and Pearlman 1998; Janeway et al. 1999) . As with other phenotypically plastic systems, adaptive matching (sensu Moran 1992) of phenotype to environment-here, immune response to the type of infection-is important.
Much immunological research has focused upon T-helper mediated, proximate causes of immunopathology. Here, I place T-helper response ontogeny and effector efficacy into the framework of evolutionary ecology, in which immune response errors, like prey defensive errors, are examples of phenotypeenvironment mismatches. Because adaptive matching of T-helper immunophenotype to environment is difficult (if not impossible) in cases of concomitant infection, I conclude that constrained immune response optimization under multiparasite selection is an ultimate cause of immunopathology.
A case study serves to illustrate these points. Roughly two hundred million people are infected with schistosomes, which are blooddwelling, snail-transmitted parasitic flatworms (Platyhelminthes: Digenea) (WHO 1998b) . Faulty immune responses have been implicated as a cause of severe human schistosomiasis, because unregulated inflammatory responses to schistosome eggs can lead to liver damage (Mwatha et al. 1998) . Most of the people who die of schistosomiasis are in their twenties (Chan et al. 1996b) , well within the human reproductive life span, so this case study provides an example of deleterious fitness effects that result from a faulty immune response to a chronic infection.
People infected with schistosomes are frequently coinfected with such parasites as human immunodeficiency virus (HIV), hepatitis B virus, malaria, and/or intestinal nematodes, among others. Emergent pathologies often result from these concomitant infec-Volume 77 THE QUARTERLY REVIEW OF BIOLOGY tions. The focal coinfection for the purposes of this review is the combination of Schistosoma mansoni and Toxoplasma gondii. Toxoplasma gondii is an intracellular protozoan parasite that undergoes sexual reproduction in felines but can infect nearly any nucleated cell in the human body (Despommier and Karapelou 1987) . As many as five hundred million people worldwide are infected with T. gondii, via consumption of meat that contains cysts and/or contact with feces of infected cats. The acute phase of the infection is fatal if the immune system cannot control the infection, and the chronic phase requires constant immunological vigilance (Denkers and Gazzinelli 1998) . Because S. mansoni and T. gondii require conflicting Thelper responses, concurrent S. mansoni and T. gondii infections can pose a dilemma for the immune system, with dire pathological consequences in mice (Marshall et al. 1999; Araujo et al. 2001) . In human hosts, there is evidence of co-occurrence of S. mansoni and T. gondii-for example, in the Sudan (Omer et al. 1981 )-but the pathology due to concomitant infection has not yet been investigated. Still, the immunopathology of concomitant schistosomiasis and toxoplasmosis in mice provides a case study of conflicting selective pressures on T-helper responses in a multiparasite selection regime.
Error-Based Immunopathology
The term "immunopathology" describes an array of diseases that affect tissues from tendon to thyroid (Sell 1987; Janeway et al. 1999) . Because of the diversity of immunopathological diseases, it would be difficult to address the ultimate causation of them all under one umbrella, so this review focuses only upon suboptimal (erroneous) T-helper responses to coinfection. In this section, however, I outline error-based immunopathologies in general (aside from those due to severe immunodeficiency) to provide a conceptual context for the remainder of the review.
During the ontogeny of an immune response, the immune system makes two major "decisions." If errors are made in either step, then pathological immune responses may result. Decision one is whether or not to respond: i.e., the immune system must be able to distinguish "self " from "other," and/ or "safe" from "dangerous" antigenic epitopes (Matzinger 1994; Fearon and Locksley 1996; Ridge et al. 1996) . Antigen recognition is a dynamic, network-driven process, during which B and T cells that bear receptors specific for "self" epitopes, for example, must not receive proliferation signals from other cells of the immune system ( Janeway et al. 1999) . Antigens from different sources must be distinguished so that only cells that bear receptors of appropriate specificity (e.g., parasite specificity) are given proliferation signals. The errors of recognition manifest in responses to inappropriate stimuli, such as harmless or self antigens, lead readily to allergic or autoimmune pathology ( Janeway et al. 1999) .
Once the immune system decides to respond, multitiered decision two arises: how to respond. The immune system arsenal includes an array of qualitatively different types of responses that are also quantitatively flexible. Via intercellular communication networks, the immune system must assess the type of antigen present and determine which cells (such as macrophages or killer T cells) or molecules (such as antibodies or complement cascades) would provide the best defense ( Janeway et al. 1999) . Dendritic cells, and perhaps other antigen-presenting cells, provide important costimulatory cues and can direct T-helper differentiation (Moser and Murphy 2000) . Innate immune mechanisms can also help to identify the parasite: certain carbohydrates on bacterial outer membranes, for example, are recognized by phagocytic cells of the immune system and can activate the appropriate effector mechanisms (Fearon and Locksley 1996) . The timing and magnitude of the response must likewise be tailored to the nature and quantity of antigen. Table 1 summarizes this taxonomy of immunopathological errors. The true source ("Self " versus "Other") and safety rating ("Safe" versus "Dangerous") of an antigen are dichotomized (sensu Matzinger 1994; Fearon and Locksley 1996; Ridge et al. 1996) and given in the left-hand columns. Immune errors Sherman et al. (1997) . Even when the immune system correctly identifies parasitic infection via the source ("Other") and safety rating ("Dangerous") of an antigen, an effector error in the decision of how to respond can occur. That is, the host may mount an inappropriate response to an appropriate stimulus. The last row of Table 1 is particularly relevant to the remainder of this review, for immune response tradeoffs during concomitant infection form the ultimate cause of immunopathology proposed here: concomitant infection of a single host by diverse parasites may predispose the host towards effector errors. Coevolutionary causes of error-based immunopathology will not be explored in this review. It is important to acknowledge them before proceeding, however. Clearly, selective pressures upon host immune responses cannot be considered in isolation. For a complete understanding of immunopathology, it would be essential to consider selective processes that operate on parasite as well as host genotypes, because both might influence the frequency of immune system errors (May and Anderson 1990; Mitchell 1991; Thompson 1994; Kaitala et al. 1997; Jokela et al. 2000) . For example, antigenic variation, including mechanisms for mutation and recombination many times per generation, can foil the immune system's recognition of parasites such as influenza virus or Trypanosoma brucei (protozoa that cause African sleeping sickness) ( Janeway et al. 1999) . Schistosoma mansoni can also subvert antigen recognition, masking antigenicity by shedding surface proteins (Pearce and Sher 1987) . Other helminths manipulate host immune responses for their own benefit (see Maizels et al. 1993) . Such evasions and manipulations of host immune responses presumably increase parasite fitness but may also increase the likelihood of immune response errors. Immunopathology, like other forms of virulence (i.e., the negative impact of infection upon host fitness), may thus be maintained by natural selection if parasite fitness is positively correlated with virulence (e.g., Bull 1994; Read 1994; Ebert and Hamilton 1996; Combes 1997; Lipsitch and Moxon 1997) .
Other authors have suggested that fitness costs accrue when faulty immune responses are mounted (Mitchison 1990; Williams and Nesse 1991; Read et al. 1995; Frost 1999; Owens and Wilson 1999) . None of these authors, however, have specifically addressed the mechanisms (such as tradeoffs among Thelper cell responses) whereby immunopathology might develop despite fitness costs. This review thus begins to take the immune system out of the ecological "black box" (sensu Owens and Wilson 1999) by examining the Volume 77 THE QUARTERLY REVIEW OF BIOLOGY mechanistic basis for differences among immune responses in terms of pathological outcome. As T-helper mediated immunopathology is a widespread outcome of parasitic infection (Sher and Coffman 1992; Allen and Maizels 1996; Del Prete and Romagnani 1996; Grencis 1996; Mosmann and Sad 1996; Romagnani 1996; Pritchard et al. 1997; Infante-Duarte and Kamradt 1999) , and because concomitant infections occur commonly (Buck et al. 1978b,c; Tshikuka et al. 1996; Booth et al. 1998; Petney and Andrews 1998) , understanding T-helper responses to coinfection seems a reasonable step towards understanding the evolutionary ecology of immunopathology. The approach has led to the development of "optimal immunology" predictions (sensu Gemmill and Read 1998) that can be tested against existing data on immune responses in laboratory mice (Graham 2001) . A deeper evolutionary understanding of the immune system might be among the insights gained from such analyses of the occasions upon which immune responses fail.
A Proximate Cause of Immunopathology
Induction of a T-helper cell response to infection involves extensive intercellular communication. Antigen must be collected and presented, antigen-specific T-helper cells must be activated, antibody and receptor specificities must be honed, and effectors must be recruited to the site of infection. Each of these processes is regulated by adaptive dynamic networks (sensu Farmer et al. 1987) . For example, T-helper cells that avidly bind antigen and are costimulated by other cells of the immune system are encouraged to proliferate, whereas cells that do not meet these criteria are discouraged ( Janeway et al. 1999) . This is the stage at which self-reactivity should be stalled (see discussion above). After successive rounds of increasingly selective proliferation signaling, the resultant Thelper population is highly antigen specific. The type (as opposed to the specificity) of the T-helper response is regulated via another sort of adaptive dynamic communication network-positive and negative feedback loops, as outlined below. For theoretical explorations of signal propagation in the immune system, see Farmer et al. (1986) , Farmer et al. (1987) , Atlan and Cohen (1989) , and Perelson and Weisbuch (1992).
t-helper response induction
Cell surface receptors and cytokines (membrane-bound and secreted molecular messengers, respectively) both play roles in determining the developmental fate of Tlymphocytes ( Janeway et al. 1999) . T cells undergo differentiation in the thymus. These cells go on to become killer T or T-helper (Th) cells, depending upon the types of receptors on their surfaces ( Janeway et al. 1999 ). At least one major subdivision, first described by Mosmann et al. (1986) , then occurs within the Th cell population. Depending upon the cytokine environment encountered by a naive T-helper cell, it can become a T-helper type 1 (Th1) cell or a T-helper type 2 (Th2) cell. The cytokine environment itself is influenced by both host and parasite factors; these include antigen type (e.g., native vs. fragmented or carbohydrate vs. protein), route of entry (e.g., mucosa vs. bloodstream), and antigenic dose, as well as costimulation by other cells of the immune system, notably antigenpresenting cells (Fearon and Locksley 1996; Mosmann and Sad 1996; Romagnani 1996; Janeway et al. 1999; Moser and Murphy 2000) . Once mature, Th1 cells produce proinflammatory cytokines (e.g., interferon-gamma: IFN-c) and mediate antiparasite action by effectors such as macrophages. Th2 cells, on the other hand, produce cytokines (e.g., the interleukins IL-4 and IL-5) that help to stimulate antibody production by B cells and to recruit effectors such as eosinophils. The Th1 and Th2 subsets thus enable different effector mechanisms.
Importantly, the T-helper subsets tend to be mutually downregulatory (Sher and Coffman 1992; Mosmann and Sad 1996) . That is, mature Th cells join feedback loops that influence the development of naive Th (Th0) cells: a mature Th1 cell produces cytokines that discourage nearby Th0 cells from becoming Th2 cells and instead encourage them to develop a Th1 phenotype.
Con-IMMUNOPATHOLOGY DURING INFECTIONS
versely, mature Th2 cells provide negative feedback against Th1 development and positive feedback for development of the Th2 phenotype. A high Th1 response thus precludes a high Th2 response in a given site (Sher and Coffman 1992) .
A Th1/Th2 tradeoff is suggested by this negative correlation. Theoretical work predicts that cytokine-mediated mutual downregulation between the Th1 and Th2 subsets, combined with specificity honing, always results in the establishment of a dominant Thelper subset that is uniform in both receptor specificity and cytokine secretion profile (Morel et al. 1992; Fishman and Perelson 1999) . Data confirm that strongly biased (or "polarized") T-helper cell populations develop in response to many parasite species (Fearon and Locksley 1996; Mosmann and Sad 1996) . The evidence is good that a Th1/ Th2 tradeoff does hold within a given organ or lymph node, though systemic polarization is less likely, given the compartmentalization of organ systems (Sher and Coffman 1992) . Still, many parasites of medical relevance do share sites within the body: S. mansoni, T. gondii, malaria, and hepatitis A, B, and C viruses are among the many parasites that affect the mammalian liver, for example. The immune system's tendency to mount one type of Thelper response at a time thus becomes very important during concomitant infection of a host by disparate parasite species, particularly those that affect the same site within the body.
Even systemically, however, T-helper immunophenotype selection might be considered a resource allocation problem. T-helper cell turnover is rapid (about 30% renewal of the population every three days), and the total number of Th cells in circulation is relatively stable for a given individual (Fahey et al. 1984; Bofill et al. 1992; Freitas and Rocha 1993) . The size of the T-helper cell population does vary among individuals, depending in large part upon health status, race, and age (Laurence 1993; Webster et al. 1996; Tsegaye et al. 1999) . HIV-seronegative and otherwise uninfected individuals generally have 770-1100 Th cells per mm 3 of blood (Laurence 1993) , whereas a mean of 2400 cells per ll has been associated with acute mononucleosis (i.e., infection with Epstein-Barr virus), and oral infection with Candida has been associated with as few as 160 cells per ll (Laurence 1993). In any case, the number of Thelper cells in a host does not increase unchecked-the competitive intercellular interactions that shape the repertoire of lymphocyte subsets also maintain immune system homeostasis (Butcher and Picker 1996) . Feedback loops and antigen-specificity competitions thus appear to be the mechanisms by which the immune system "decides" how to allocate resources in response to parasitic infection(s), given the cells and molecules that are available.
Feedback mechanisms, including further antigenic stimulation (Frost 1999) , ensure that the right response is made most of the time ( Janeway et al. 1999) . That is, Th cells that direct inappropriate responses are usually replaced via negative selection and cell turnover. But if an inappropriate response is initiated, mutual downregulation by distinct T-helper subsets can perpetuate errors in response type-perhaps when a critical mass of Th cells has differentiated to create a polarized, albeit inappropriate, cytokine environment. Many immunopathological errors arise from the choice of which T-helper cell subset to mount.
divergent effectors enabled
T-helper cells have an important role in determining immune response efficacy because the induced Th subset determines which effector mechanisms will act against a parasite (Sher and Coffman 1992; Mosmann and Sad 1996; Romagnani 1996; InfanteDuarte and Kamradt 1999) . Generally speaking, for each parasite, there is a corresponding "optimal" Th immune response that fights infection most efficiently and minimizes pathology (Mosmann and Sad 1996) . The optimal response makes the best of an infection via damage control, if not parasite eradication. Th1 cells generally work best against intracellular parasites, whereas Th2 cells induce effective responses against extracellular parasites (Sher and Coffman 1992; Pritchard et al. 1997; Mountford and Pearlman 1998 ; but see Allen and Maizels 1997) . For example, a Th1 response confers protec-Volume 77 THE QUARTERLY REVIEW OF BIOLOGY tion from influenza virus (Mosmann and Sad 1996) , while a Th2 response can eliminate intestinal nematode infection via worm expulsion (Grencis 1996) . In the case of the common cold (human rhinovirus infection) in children, Th1 cytokines can cause inflammatory reactions that do little to fight infection but instead damage tissue and lead to acute asthma attacks in some hosts (Wimalasundera et al. 1997) . Th subset and cytokine profile likewise determine the outcome of infection with Listeria (Mielke et al. 1993) and Mycobacterium (Toossi and Ellner 1998) .
For some infections, the T-helper subsets must work in combination to minimize damage to the host (Infante-Duarte and Kamradt 1999). This may be necessary when a parasite has both intra-and extracellular phases, or when modulation of a previously mounted protective immune response is required in order to prevent immunopathology. The different subsets (Th1 vs. Th2) may thus dominate in distinct sites or at different times over the course of infection (Allen and Maizels 1997) . A delicate Th subset balance is optimal for both Plasmodium chabaudi malaria (Stevenson and Tam 1993; Jacobs et al. 1996) and schistosomiasis mansoni (Rosa Brunet et al. 1999 )-Th1 cells predominate during the acute phase of each infection, and Th2 predominates in the chronic phase. Optimal control of P. chabaudi malaria requires modulation of Th1 responses (particularly TNF-␣) during the acute phase, however, while the optimal response to S. mansoni requires modulation of Th2 responses during the chronic phase of infection. The optimal Th1/Th2 balance may thus be idiosyncratic to each parasite species. See Table 2 for an overview of some of the cytokines and effectors associated with each Th subset, as well as examples of infections controlled by Th1 versus Th2 responses.
quantifying th optima
How have optimal T-helper responses been determined empirically? Immunological research on T-helper response efficacy often makes use of genetically engineered mice, bred to lack certain parts of the immune system repertoire; such "gene knockout" mice allow immunologists to assess mammalian immune responses in the absence of entire arms of the immune system ( Janeway et al. 1999) . For example, interleukin-4 deficient ("IL-4 knockout") mice are severely impaired in their ability to mount Th2-dominated responses. Interferon-gamma (IFN-c) knockout mice, on the other hand, are impaired in their ability to mount Th1-dominated responses. Knockout of a single cytokine gene can impair an entire T-helper subset because a single cytokine can be a strong driver of T-helper differentiation (e.g., IL-4 for Th2) or the dominant effector cytokine made by a T-helper cell subset (e.g., IFN-c for Th1). Quantification of T-helper responses in mice can involve counting cells (from the lymph nodes, spleen, or plasma) via antibody labeling of intracellular IL-4 and IFN-c, with subsequent phenotype-sorting by flow cytometric analysis. More commonly, however, the cells are cultured and stimulated with antigen in vitro. Cytokine concentrations are then measured via enzyme-linked immunosorbent assays (ELISA).
Different cytokine profiles are associated with wild type versus gene knockout mice infected with T. gondii or S. mansoni ( Figure  1 ). The variable t characterizes the systemic T-helper immune response as the proportional representation of Th1 cytokines in the total cytokine pool, based on concentration data in units of activity per milliliter (Graham 2001) -4] , in the case of Figure 1 . The variable t approaches 1 as responses are increasingly dominated by Th1 cytokines (e.g., in constitutively Th2-deficient mice and in wild type mice infected with T. gondii ); t approaches 0 in Th2-dominated responses (e.g., in constitutively Th1-deficient mice and in wild type mice infected with S. mansoni ). The optimal Thelper response to a given parasite may be quantified as the value of t that maximizes host survival or minimizes the morbidity (including immunopathology) due to infection in mouse model systems (Graham 2001) . By infecting gene knockout mice and following pathological outcomes as well as cytokine responses, immunologists have determined that constitutive Th1 responders suffer severe schistosomiasis (Rosa Bru- The two major T-helper (Th) subsets tend to secrete different cytokines and enable different effector mechanisms. As a result, they tend to work optimally against different parasites. Optimal responses to Schistosoma and Plasmodium, however, require an interplay of both Th1 and Th2 responses. The cytokines and effectors listed here are representative, not comprehensive. Table  2 is based upon tables in Mosmann and Sad (1996) , with additional information (*) from Denkers and Gazzinelli (1998) ; %: HIV is controversial and complicated; see Clerici and Shearer (1994) and Heeney (1995) . net et al. 1997; Rosa Brunet et al. 1999 ; described in more detail below), while constitutive Th2 responders suffer acute toxoplasmosis (Roberts et al. 1996) . The efficacy of human T-helper responses generally conforms to the mouse model results-human Th responses vary in efficacy against different parasites (Del Prete and Romagnani 1996; Mosmann and Sad 1996; Romagnani 1996) . Characterization of Th responses in terms of a cytokine continuum (summarized as t) relates to an important caveat about T-helper subsets. The Th1/Th2 distinction is not absolute (e.g., there is some cytokine overlap between the two subsets), and there are also other, smaller Th cell subsets (such as Th3 cells) and killer T and non-T cells (see Romagnani 1996; Allen and Maizels 1997 ) that affect cytokine and effector profiles. Immune responses thus fall along continua of cytokine and effector combinations (Mosmann and Sad 1996; Allen and Maizels 1997 ) rather than into a strict dichotomous framework. For simplicity, however, the Th terminology will be used here, because cytokines and effectors do tend to covary with Th subset (Sher and Coffman 1992; Mosmann and Sad 1996) , and Th responses to most parasites are polarized (Th1 or Th2) via mutually downregulating feedback loops, as described above. T-helper mediated immune responses may fall out along a continuum, but there are indeed clusters at the poles of that continuum.
proximate cause of schistosomiasis
Immune responses to S. mansoni infection provide an example of T-helper response errors as a proximate cause of immunopathology. Whereas adult schistosomes largely avoid eliciting immune responses, their eggs are important targets of the immune system, and the pathology of schistosomiasis is due almost entirely to egg deposition and subsequent inflammation (WHO 1985; Weinstock 1992; Orihel and Ash 1995) . Adult schistosomes can live for years and deposit hundreds to several thousands of eggs per pair per day (Anderson and May 1991) . Schistosoma mansoni eggs must pass through host tissue in order to reach the intestinal lumen and, hence, exit the host. Only about 50% of the Wild type mice mount Th1-polarized responses to Toxoplasma infection and Th2-polarized responses to Schistosoma infection. Mice that are deficient in Th1 cytokines (e.g., IFN-c knockout -/-mice) mount Th2 responses and suffer severe toxoplasmosis, while those deficient in Th2 cytokines (e.g., IL-4 -/-mice) mount Th1 responses and suffer severe schistosomiasis (Rosa Brunet et al. 1997; Araujo et al. 2001) . The variable t is the proportional representation of Th1 cytokines in the total cytokine pool. eggs exit to continue the life cycle, however, and the remainder are trapped in host tissue, primarily in areas between the oviposition site (in the bloodstream) and the liver (Weinstock 1992).
Schistosome eggs lodged in host tissue induce local inflammatory reactions known as granulomas, which sequester the eggs, rendering them nontoxic to surrounding tissues (Boros 1989; Weinstock 1992; Brunet et al. 1998) . Granulomas thus help to minimize the pathological effects of infection. If the granulomatous inflammatory reaction is unmodulated, however, the reactions become excessively large and (in some hosts) fibrous, as normal tissues are replaced by collagenous connective tissue (Lumsden 1979; Orihel and Ash 1995) . The resolution of fibrosis is slow (on the order of weeks : Weinstock 1992) , in comparison with the daily rate of egg deposition. Host morbidity therefore accumulates rapidly (Chan et al. 1996a; Chan et al. 1996b) , and even if infection is later cleared via natural or drug-induced parasite mortality, fibrotic damage persists (Boros 1989) . Schistosomiasis can entail liver and spleen enlargement (Orihel and Ash 1995) , as well as dysfunction of the liver, kidneys, or bladder (WHO 1998a). In the most severe cases, collateral blood circulation develops to circumvent the fibrosis-clogged liver (Boros 1989; Weinstock 1992) ; eggs accumulate in the IMMUNOPATHOLOGY DURING INFECTIONS lungs and even the brain thereafter (Orihel and Ash 1995) .
In murine schistosomiasis, a Th2 response is essential for host protection against superinfection, as Th2-associated effectors kill invading schistosome larvae. The induced Th profile also affects the potentially life-threatening organ damage induced by schistosome eggsboth Th1 and Th2 responses are required for damage control in the liver (Rosa Brunet et al. 1999) . In Th2-deficient mice, egg-derived hepatotoxins lead to decreased glycogen storage, liver cell damage, cachexia, and host death (Rosa Brunet et al. 1997 ). On the other hand, if a host mounts an exclusive Th2 response, the host suffers from liver fibrosis, because a multicomponent Th1 response is required for the reduction of fibrotic reactions (Wynn et al. 1995; Hoffmann et al. 1998) . Thus an interplay of systemic Th2 and site-specific Th1/Th2 coordination is required for minimization of schistosome pathogenicity. A Th subset balance is optimal for S. mansoni infection of murine hosts (Brunet et al. 1998) .
Among people infected with schistosomes, disease symptoms vary in severity: about 120 of the 200 million infected are symptomatic, and 20 million are suffering severe disease (WHO 1998b) . The worldwide mortality rate is about 330,000 people per year (WHO 1998c). Many factors can influence disease outcome, including host genetics, behavior, and nutrition, as well as parasite strain (Corbett et al. 1992; Butterworth et al. 1994) . Given that the pathology of schistosomiasis is caused by inflammatory reactions to parasite eggs, it is unsurprising that the number of worm pairs (infection intensity) and egg deposition rate are also important predictors of the severity of host disease (Boros 1989; Butterworth et al. 1992; Chan et al. 1996b; Vennervald et al. 1998) . Variation in infection intensity may therefore lead to variation in disease outcome. In a study of a community in Senegal, however, there was no correlation between schistosomiasis symptoms and infection intensity, as measured by fecal egg counts (Gryseels et al. 1994) .
More compellingly, the effects of immune response type have been separated from the effects of infection intensity alone. Using a case control study design that paired subjects by infection intensity, Mwatha et al. (1998) showed that differing cytokine profiles associated with different Th subsets were correlated with pathological differences. The results indicted a Th1-dominated response as a cause of hepatosplenomegaly in severe human schistosomiasis. Other research is suggestive of a genetic predisposition towards Th-mediated collagenous liver fibrosis (WHO 1999) . Induction of an unbalanced T-helper response may thus be a proximate cause of schistosomiasis in human as well as murine hosts.
immunophenotype-environment mismatches
The mammalian immune system has been characterized as the most complex of all inducible defense systems (Harvell and Tollrian 1999) , and is perhaps among the most complex examples of adaptive plasticity in nature. The induction of T-helper cells is an example of a phenotypic response to environmental variation (parasite exposure, in this case). Adaptive matching of phenotype to environment enhances fitness in phenotypically plastic systems in general (Moran 1992) ; mismatches are detrimental to fitness. In the framework of adaptive plasticity, suboptimal (erroneous) T-helper responses to infection may be considered immunophenotypeenvironment mismatches.
Experimental studies of phenotypic plasticity often involve placing organisms of the same genotype into different environments and then tracking phenotypic outcomes. The array of phenotypes resulting from genotypeby-environment interactions forms a reaction norm (Woltereck 1909 , cited in Stearns 1989a Rollo 1995; Via et al. 1995) . Since the immune system is considered an extreme example of adaptive phenotypic plasticity, it may be useful to think of mean T-helper responses to infection in a reaction norm context. Different parasites constitute discrete environments, while the Th1-Th2 response continuum (t) forms the phenotypic response axis. Mean immunophenotypes of wild type mice do vary across environments (see Figure  2 , based on data summarized in Table 3 ). Strictly speaking, in the experiments repre-
Volume 77 THE QUARTERLY REVIEW OF BIOLOGY Figure 2. A Reaction Norm for T-Helper Responses Mounted by Mice Against a Range of Parasites
Mean Th responses of wild type mice vary according to the type of infection present. The t axis is the immunophenotype axis, representing the continuum of immune responses that can be mounted by a host. The infection axis is the environmental axis, representing a range of parasites (including influenza virus, the protozoan parasites Toxoplasma and Plasmodium, and the metazoan parasites Schistosoma and Trichuris) to which the immune system must respond. The variable t is again defined as the proportional representation of Th1 cyto- Table 3 for sources of data.
sented in Figures 1 and 2 , no single genotype experienced more than one environment (parasite), since data on sequential exposures of a single host to multiple parasites would be confounded by cumulative immunological and pathological effects of infections. Instead, the reaction norms are based on the averaged responses of multiple genotypes to each environment. Mice bred in the laboratory over many generations are certainly more homogeneous than wild mice, however, and extension of the reaction norm concept to nonidentical genotypes has been sanctioned by in regard to testing many individuals per family. The experimental data on mean murine Th responses to infection, summarized in Figures 1 and 2 , might reasonably be considered reaction norms.
A major extrapolation from the reaction norms and morbidity/mortality data is that host fitness depends upon differential Thelper responses to different parasite species.
The Th response data indicate fitness reversals among phenotypes across environments; in other words, in different environments, the relative fitnesses of alternative phenotypes are reversed (sensu Stearns 1989b; Moran 1992) . The observed response optima therefore represent adaptive plasticity in Th response induction. Mismatches between immunophenotype and environment reduce host fitness and are a proximate cause of immunopathology in a host infected by a single parasite species. Such mismatches acquire greater pathological significance in an epidemiological setting, the multiparasite context in which immune "decisions" occur.
An Ultimate Cause of Immunopathology
Disparate parasites are transmitted within human populations (WHO 1998c) , and concurrent infection of a single host with multiple parasite species is common (Buck et al. 1978b,c; Petney and Andrews 1998). Schistosoma mansoni infections, for example, cooccur with HIV (Karanja et al. 1997; Karanja et al. 1998) , malaria (Fulford et al. 1991; Mwatha et al. 1998) , and various intestinal nematodes (Booth et al. 1998) , as well as bacterial and viral pathogens (Chieffi 1992) . In a survey of 500 Brazilians, 39.5% were infected with S. mansoni, and 76% of these people were also infected with hookworms of the species Necator americanus (Webster et al. 1997) . Among 379 Chad villagers, 43.5% were infected with S. mansoni, and of those 88% had at least one other infection (e.g., 50% suffered malaria as well as schistosomiasis: Buck et al. 1978a ). The human immune system is thus subject to multiparasite selectionan exemplary case of the variable, strong selective regime that is a prerequisite for the evolution of inducible defenses (Adler and Harvell 1990; Harvell 1990a,b) and phenotypic plasticity in general (Stearns 1989a; Moran 1992; Via et al. 1995) . The fact that a single immune system must simultaneously cope with diverse parasite species has immunopathological consequences, which are explored below via examples from the immunological and epidemiological literature, and also by analogy with multipredator and kin recognition systems. Testable hypotheses about optimal Th responses to concomitant infection emerge from the synthesis.
t-helper mediated interactions among concomitant infections
Concomitant infection might impose conflicting selective pressures upon T-helper response induction, if the component infections are not best fought with the same type of Th response. If, on the other hand, the parasites share Th response optima, then coinfection might lead to response synergies. T-helper conflicts and synergies have the potential respectively to exacerbate or ameliorate disease in a coinfected host.
The result of an immune-mediated interaction among infections depends upon which effector mechanisms are required to cope with each parasite, and can be nonspecific even though response induction usually begins in an antigen-specific manner (reviewed in Lloyd 1995 and Brunet et al. 1998) . For example, helminths such as schistosomes induce systemic Th2 responses against other unrelated antigens in mouse model systems (Actor et al. 1993; Sabin et al. 1996) . Existing schistosome
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infection can potentiate host responses to Th2-cleared intestinal nematodes and leads quickly to expulsion of the nematodes (Trichuris muris: Curry et al. 1995) . On the other hand, the Th response induced by schistosome infection impairs immune responses to Th1-cleared parasites, such as protozoa in the genus Leishmania: a preexisting schistosome induced Th2 response reduces the ability of the immune system to kill Leishmania major (La Flamme et al. 2002) . These effects of preexisting schistosome infection raise the important point that the order in which immune responses are mounted is critical to response efficacy during concomitant infection.
Concomitance does not imply synchronicity of the infection event. Simultaneous arrival of the transmission stages of two or more parasite species is probably very rare. Many parasites, however, including S. mansoni (Maizels et al. 1993) and T. gondii (Denkers and Gazzinelli 1998) , produce chronic infections. Sequential acute phases may therefore develop into concurrent chronic phases that require simultaneous immune action. In general, the sequence of events is that Parasite 1 arrives, a T-helper response is mounted, and then Parasite 2 arrives. The immune response to Parasite 1 may be considered a preexisting condition that can influence the outcome of infection with Parasite 2 (a comorbidity, sensu Nitz 1997) . The multiple defensive strategies necessitated by complex intrahost metamorphoses of some parasite species-e.g., Schistosoma, Toxoplasma, and Plasmodium (Despommier and Karapelou 1987)-make immune responses to coinfection an especially dynamic process. The time course, order, and chronicity of each component infection are therefore essential to understanding immunological interactions among infections.
Order of infection drastically affects severity of disease in mice concomitantly infected by S. mansoni and T. gondii (Kloetzel et al. 1977) . When T. gondii precedes S. mansoni infection, murine hosts have milder schistosomiasis, perhaps because a Th1 response is somewhat protective against larval schistosomes and thus reduces the intensity of that infection (Hammouda et al. 1994) , or perhaps because Schistosoma-induced liver fibrosis is suppressed in Toxoplasma-primed mice (Mahmoud et al. 1977) . Conversely, when S. mansoni precedes T. gondii infection, the host suffers severe inflammatory immunopathology in the liver (Kloetzel et al. 1977; Marshall et al. 1999; Araujo et al. 2001) .
case study of th conflict
The severe disease that results when S. mansoni precedes T. gondii illustrates the pathological errors in T-helper response that can arise when two parasite species requiring different immune responses affect the same organ. The experimental design used by Marshall et al. (1999) and Araujo et al. (2001) to obtain these data is as follows: C57BL/6 mice were infected with S. mansoni; 6-8 weeks later, following the onset of egg deposition by the schistosomes and hence the commencement of a strong Th2 response, the mice were infected with a low-virulence strain of T. gondii. Controls included mice with S. mansoni infection only or T. gondii infection only. The mice were sacrificed 8-9 days after exposure to T. gondii. The cytokine and effector concentrations in blood plasma and the cytokine secretion profiles and effector activities of splenocytes stimulated in vitro were measured; pathological symptoms and parasite load were also quantified. The effect of concomitant infection upon mortality was assessed in separate experiments.
Compared with mice infected with T. gondii only, coinfected mice exhibited: 1) reduced blood plasma concentrations of the Th1 cytokine IFN-c and of superoxide effector molecules, but greatly elevated TNF-␣ concentrations (Marshall et al. 1999) ; 2) amelioration of the IFN-c mediated intestinal pathology usually associated with acute toxoplasmosis (Marshall et al. 1999; Araujo et al. 2001) ; and 3) equivalent T. gondii parasitemia in both the brain and the liver (Marshall et al. 1999 ). An immunological effect of S. mansoni upon the intestine is not surprising, since the Th2-inducing eggs must cross from blood vessels into the intestinal lumen to be excreted (Doenhoff 1997) . Compared with mice infected with S. mansoni only, coinfected mice exhibited: 4) reduced antigen-specific secretion of the Th2 cytokine IL-5 and the antiinflammatory cytokine IL-10 by splenocytes cultured in vitro (Araujo et al. 2001 
); 5) IMMUNOPATHOLOGY DURING INFECTIONS
smaller egg-induced granulomas, though the types of cells comprising the granulomas were comparable in the two groups (Marshall et al. 1999; Araujo et al. 2001) ; and 6) exacerbation of liver pathology, as evidenced by necrosis of hepatocytes throughout the liver, the most likely cause of accelerated death of coinfected mice (Marshall et al. 1999; Araujo et al. 2001) . Interestingly, mice deficient in the Th1 cytokine IL-12 were unable to control T. gondii replication and yet survived coinfection longer than did wild type mice, probably as a result of Th2 downregulation of inflammatory mediators and hence TNF-␣ in the Th1-impaired IL-12 knockout mice (Araujo et al. 2001) .
Together, these observations provide evidence of immunopathology caused by T-helper conflicts during concomitant S. mansoni-T. gondii infection. Schistosoma mansoni-induced Th2 cytokines suppressed the Th1 cytokine IFN-c enough to ameliorate intestinal pathology but not enough to allow unrestrained replication of T. gondii (Marshall et al. 1999) . Because coinfected wild type mice did not support excessive replication of T. gondii, a comparable number of parasites must have done the greater damage via induction of high levels of TNF-␣-levels that were apparently greater than an additive combination of the amounts of TNF-␣ secreted during single-species T. gondii or S. mansoni infection (Marshall et al. 1999) . Unmodulated, this TNF-␣ may have induced programmed cell death in the hepatocytes of coinfected mice (Marshall et al. 1999) . At the same time, T. gondii-induced Th1 cytokines (especially IL-12) downregulated the Th2-driven granulomas surrounding schistosome eggs-probably by suppressing the induction by S. mansoni of IL-4, IL-5, and IL-10 ( Araujo et al. 2001) . The granulomas thus diminished in size may have been too small to sequester the hepatotoxins exuded by the eggs, with catastrophic consequences for the liver. This scenario is similar to that seen in IL-4 knockout mice with schistosomiasis (Rosa Brunet et al. 1997) . That these effects were measurable in splenocytes implies that cross-modulation of immune responses occurs more systemically than previously suspected.
Tradeoffs between different types of T-helper responses thus appear to affect host morbidity and mortality in mice infected with both S. mansoni and T. gondii, even though murine immune systems do resolve the dilemma of simultaneous T-helper response requirements differently under different conditions (e.g., different orders of infection, in different host organs, or in different mouse strains).
S. MANSONI and concomitant infections in human hosts
Human schistosomiasis in a multiparasite context introduces further complications, largely because of complex morbidity patterns in human populations (Buck et al. 1978a) . Mortality data are also difficult to interpret in a multiparasite context because physicians tend to attribute death to a single cause (Murray and Lopez 1996a,b) . Even data on the simple prevalence of concomitant infections in human populations are relatively difficult to find in the literature, especially for parasites as different in modes of transmission and methods of detection as S. mansoni and T. gondii. Few studies report a prevalence for both parasites, but the infections do appear to co-occur in human populations: 92.3% prevalence of S. mansoni and 21.1% prevalence of T. gondii were reported from the Gezira, Sudan (Omer et al. 1981) , for example, so 13.4 to 21.1% of those hosts were coinfected. More data are required, however, to assess the impact of T-helper response conflicts upon the outcome of S. mansoni-T. gondii coinfection in human hosts.
Still, there is some evidence that immunemediated interactions among infections help to explain the epidemiology of severe human schistosomiasis. As outlined above, various host and parasite factors affect disease severity-e.g., infection intensity, host age, and nutritional status (Boros 1989; Corbett et al. 1992; Chan et al. 1996b )-but interactions with other infections also influence the severity of schistosomiasis (Buck et al. 1978a; Butterworth et al. 1994) . For example, differences between ethnically related Kenyan populations in the prevalence of severe schistosomiasis may be due to interactions with malaria (Fulford et al. 1991; Corbett et al. 1992; Mwatha et al. 1998) . Malaria and schistosomiasis each cause enlargement of the liver and spleen (i.e.,
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hepatomegaly and splenomegaly), and in villages in Chad where malaria (Plasmodium falciparum and/or P. malariae) and S. mansoni cooccur, the prevalences of these syndromes are significantly greater than in villages where only malaria is endemic (Buck et al. 1978a) . Whether the pathological effects of the concomitant infections are additive or multiplicative is unknown. In any case, hepatomegaly and splenomegaly are symptoms of unmodulated inflammatory responses (Orihel and Ash 1995) , so the schistosome-malaria interaction is probably mediated by the immune system. Clearly, more work is needed to clarify the role of coinfection in the development of severe schistosomiasis. The evidence suggests, however, that compromise immune responses during coinfection exacerbate disease in human hosts.
a single phenotype in simultaneous environments
During coinfection of a single host by multiple parasite species, what immunophenotypic outcomes are predicted by theories of adaptive phenotypic plasticity? The benefits of phenotypic plasticity depend upon an organism's ability to make accurate environmental assessments and develop appropriate and timely phenotypes (reviewed in Moran 1992; Padilla and Adolph 1996; Schlichting and Pigliucci 1998) . Organisms that possess reversible plastic traits and occupy many patches per lifetime but only one patch at a time must adaptively match sequential environments at the rate at which environmental changes occur. In any one environment in the sequence, phenotypes are not simultaneously appropriate AND inappropriate. No instantaneous tradeoff decision is required (i.e., among the alternative character states of the plastic trait; sensu Via et al. 1995) . Concomitantly infected hosts do face such a tradeoff decision, however. An illustrative analogy between host-parasite and predator-prey systems may help to frame the T-helper dilemma more precisely.
Complex biotic environments that produce conflicting selective pressures and change the fitness consequences of interspecific interactions are certainly not unique to host-parasite systems. The impact of multiple predator species upon prey can differ from the sum of the effects of individual predators (Sih et al. 1998) . These emergent multiple predator effects reduce predation risk when predatorpredator interaction interferes with the ability of either predator to hunt or when prey defense is nonspecific, such that the defense works against both predators and multiple predators are more likely to induce the response. On the other hand, predation risk may be increased when prey have specific, conflicting defenses against different predators, such that specific defenses against one predator put the prey at greater risk of being killed by another (Sih et al. 1998) . Fish and invertebrate (Chaoborus) predators, for example, require diametrically opposed defenses of the cladoceran crustacean Daphnia hyalina: the strategies for daily migrations and size at first reproduction that work against fish require that the cladocerans are near the water's surface at night and reproduce at small size, whereas the optimal strategies against Chaoborus call for the cladocerans to move down the water column at night and reproduce when large (Tollrian and Dodson 1999) . There is a marked fitness disadvantage for cladocerans that mount an inappropriate defense against a given predator field Gabriel 1992, 1993) . Prey fitness thus decreases when an organism chooses a specific defense against one predator type when more than one type is foraging and the predators require different defensive responses Gabriel 1992, 1993; Sih et al. 1998; Tollrian and Dodson 1999) . In a similar vein, Karban and Baldwin (1997) review defensive conflicts for plants impacted by multiple herbivores.
A predator-specific defensive response to multiple threats of predation is perhaps analogous to a parasite-specific T-helper response to concomitant infection. A response that works against one infection can put the host at increased risk of immunopathology due to another infection (see Lloyd 1995) . Because Th1 and Th2 responses are mutually downregulatory, immunophenotype-environment mismatches may be inevitable in concomitant infection by site-sharing parasites that are not best cleared by the same type of response. The immune system has to "decide" which error to IMMUNOPATHOLOGY DURING INFECTIONS make. In mice first infected with S. mansoni and then T. gondii, the price is liver dysfunction and death.
Below, I outline some hypotheses that emerge from this formulation of the problem of concomitant infection. First, however, I will summarize an ultimate cause of immunopathology suggested by the immune system's dilemma of which error to choose.
constraint upon th conflict resolution
An ultimate cause of infection-related immunopathology under multiparasite selection is the T-helper response polarization that constrains the ability of the immune system to resolve conflicting response requirements. The negative correlation between Th1 and Th2 responses means that an infected host can only mount one type of T-helper response at any one time and place within the body. Polarization thus leads to the error-balancing problem that the immune system must sometimes face during concomitant infection, and immunopathological "adaptive compromises" (sensu Williams and Nesse 1991) may result. Other authors have invoked "phenotypelimited optimal responses" to explain heterogeneity among hosts in the intensity of their nematode infections (Behnke et al. 1992) . Heterogeneity among hosts in the severity of immunopathological disease may likewise emerge from phenotype-limited optimal responses to different combinations of concomitant infections.
Given that vertebrates presumably evolved under multiparasite selection, why does Th polarization persist? Understanding apparent maladaptation sometimes requires consideration of a broader set of phenotypes than those that are observed (Reeve and Sherman 1993) . For example, why is Th polarization not relaxed in the case of coinfection as a solution to the problem of conflicting immune response optima? T-helper cells are central to the communication network that maintains immune system homeostasis (Butcher and Picker 1996) and finetunes antibody to antigen, response magnitude to antigenic dose, and response type to antigen type ( Janeway et al. 1999) . T-helper response polarization may usually be adaptive because the feedback loops that polarize immune responses enable immune decision making (see Farmer et al. 1986; Farmer et al. 1987; Atlan and Cohen 1989; Perelson and Weisbuch 1992; Fishman and Perelson 1999 ). An immune system that could modulate polarization during coinfection might be vulnerable to costly delays in mounting a rapid and decisive effective response to single-species infection. The net benefit of the more sophisticated system would be further diluted if the frequency of coinfection by any given combination of parasites was low. In other words, although most hosts have multiple infections, the frequency of co-occurrence of any particular combination may not be high enough to select for modulation of Th polarization, despite the pathological conundrum posed by some cases of coinfection. This is of course just one of many possible explanations of how immune response polarization might be adaptive.
It is important to note that compromise Th responses to concomitant infection may be enough to salvage host fitness. If immunocompetence consists in the ability of an organism to minimize the fitness costs of an infection (Owens and Wilson 1999) , then minimizing morbidity (rather than necessarily eliminating infection; see Behnke et al. 1992 ) is key to immunocompetence. This issue is especially relevant because T-helper error balancing during coinfection is not the only compromise that the immune system must strike. It has been argued that the inverse relationship between immune response speed and specificity, for example, is another major constraint upon immune response optimization (Frost 1999) . The tradeoff might arise because the development of finely tuned, highly specific antibodies is time consuming ( Janeway et al. 1999 ). In addition, whether or not the immune system is balancing concomitant infections, other demands may also need to be balanced. T-helper tradeoffs during coinfection, explored with the analytical tools of evolutionary ecology, might ultimately provide insight into these other immune tradeoffs, particularly the ones that are also Thmediated (e.g., allergy and autoimmunity: Mosmann and Sad 1996) .
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Given the observed polarization constraint, does the immune system optimally resolve Th response conflicts? Optimality models have been broadly applied as analytical tools in evolutionary biology (Parker and MaynardSmith 1990) . Such models have also been used in immunology, particularly in the context of adaptive dynamic networks (Farmer et al. 1986; Farmer et al. 1987; Atlan and Cohen 1989; Perelson and Weisbuch 1992) , to examine, for example, tradeoffs between the allocation of B cells to contemporary antigen clearance versus immunological memory (Perelson et al. 1976 (Perelson et al. , 1978 , and to elucidate the dynamic interactions between antigenic variation (on the part of the protozoan parasite Trypanosoma brucei) and maximization of receptor affinity for antigen (on the part of the host) (Agur 1989) . Interestingly, the qualitative behavior of immune responses matches many of the predictions of optimal control theory. These models rarely consider whole-host outcomes (e.g., morbidity or mortality), however, and so do not focus explicitly on how host fitness might depend upon immune response optimization.
Optimality models of kin recognition may inform the analysis of tradeoffs among Th response errors during concomitant infection. Deciding between the reciprocally related fitness consequences of acceptance and rejection errors is critical to kin recognition (Reeve 1989) . When a nest guard admits an invader, she makes an acceptance error, whereas by excluding a close relative, she makes a rejection error. The optimal decision-making rule-i.e., a fitness-maximizing acceptance threshold based on the extent of dissimilarity between a potential invader and a kin template-depends upon the relative rates of interaction with kin and nonkin, as well as the fitness consequences of the two reciprocally related errors (Reeve 1989) . As the fitness penalty for acceptance errors increases, decision makers exhibit more restrictive thresholds. The most direct extension of this kin recognition model to the immune system would be to analyze tradeoffs between the reciprocal recognition errors that cause, for example, cancer or autoimmunity (Sherman et al. 1997) .
Tradeoffs between reciprocally related Th1/Th2 errors in a coinfected host may be analyzed via a similar method, with decisionmaking criteria weighted by the fitness consequences of errors. An optimality model of Th responses to concomitant infection has taken this approach, based upon the premise that the optimal response to coinfection would maximize host survival by minimizing divergence of the joint response from each of the single-infection optima (Graham 2001) . In addition, the optimal response to each of the component single-species infections is weighted by the fitness consequences of a suboptimal response to that parasite. The model thus predicts a weighted average response that can be tested against empirical data from mouse model systems: data on the immune response to each single-species infection may be combined into the appropriately weighted average and then compared with the observed response to concomitant infection. For such analyses, immune responses may be summarized as t (as described above). The model presently optimizes only the management of simultaneous, qualitatively different immune responses. To deal with the case of quantitative errors in response-e.g., overproduction of inflammatory mediators that can cause pathology, even when inflammation is the best response to infection (Lloyd 1995)-a parameter functioning as an "inflammation rheostat" may need to be added to the model. The empirical correlate would be a cytokine such as IL-10, which works in vivo to moderate inflammation (reviewed in Allen and Maizels 1997) .
The predictions of this model are being tested against the data from Araujo et al. (2001) on mice concomitantly infected with S. mansoni and T. gondii. Because the two infections have a common pathological currency-liver damage, quantified in terms of the plasma concentration of aspartate transaminase, an enzyme released when hepatocytes are damaged (Araujo et al. 2001 )-the system includes an indicator of the possible fitness effects of S. mansoni and T. gondii, either separately or in combination. This can facilitate the standardized estimation of the penalty associated with a suboptimal response to each parasite, as follows. If the mouse suffering the least liver damage is considered to have mounted the optimal response to that parasite, then the slope of the damage-divergence relationship-i.e., the increase in liver damage associated with increasing divergence of suboptimal responses from the observed optimum-may be used to estimate the fitness penalty for suboptimal responses to that parasite. The approach aims to address whether the optimal observed Th response to concomitant infection can be predicted from the optimal observed Th response to each of the component single-species infections. If, on the other hand, the mean observed response to a type of infection is considered to approximate the optimum, then the penalties for suboptimal immune responses might be estimated from the variance about the mean response to each infection. Specifically, the penalty may be estimated as the inverse of the standard deviation about the mean (Graham 2001 ). The latter approach aims to address whether the mean Th response to concomitant infection can be predicted from the mean Th response to each of the component single-species infections.
Both approaches to parameter estimation could elucidate our understanding of immune responses to concomitant infection. If the weighted averages, or other simple combinations of single-species infection data, can accurately predict responses to concomitant infection, then perhaps coinfection has additive rather than emergent immunological effects. In addition, in accordance with the logic of adaptationist research, which predicts that the adaptive trait will also be the most commonly observed (Reeve and Sherman 1993) , the analysis outlined above enables a test of immune adaptiveness: the optimal and the mean observed responses should coincide. In other words, most coinfected wild type hosts should make the best of a bad lot, given the constrained optimization possible in a polarized Th response system. Such optimality analyses-closely tied to the empirically quantifiable fitness effects of empirically quantifiable phenotypes-could inform both basic immunology and evolutionary ecology.
Merging Immunology and Evolutionary Ecology
Further conceptual linkage of immunology and evolutionary ecology would be bidirectionally fruitful. Evolutionary analyses could help to integrate the extensive body of research on the immunology and clinical epidemiology of infectious diseases. If disease etiology is not completely understood via proximate mechanisms of pathogenesis (as I suggest in this review for the case of immunopathology), then evolutionary biology might complete the understanding (Williams and Nesse 1991; Nesse and Williams 1994; Levin et al. 1999) . In return, immunological data could lend a stronger mechanistic foundation for work on the evolution of immunity. Immunological data could also help to test hypotheses about the evolution of phenotypic plasticity in biological decision-making systems.
Ecological immunology (Sheldon and Verhulst 1996; Owens and Wilson 1999; Norris and Evans 2000) , alternatively called evolutionary immunology (Lochmiller and Deerenberg 2000) , is concerned with the role of immunity in life-history evolution, and considers immune responses to be optimized in the face of other fitness determinants such as breeding status or brood size. Any sort of immune response (e.g., to diphtheriatetanus vaccine in avian "hosts") might reduce nestling-feeding rate and overall breeding success, and thus provide insight into life-history evolution Raberg et al. 2000) . But when antigens are biologically relevant (e.g., during infection), it is critical to consider whether the response that is mounted actually works. Immune responses, potentially mounted at energetic or reproductive cost (Lochmiller and Deerenberg 2000; Norris and Evans 2000) , vary in defensive efficacy and may even have pathological side effects, as described in this review. Ecological immunology may therefore need to account for the differential fitness consequences of qualitatively different immune responses. Given the wealth of data on vertebrate immunity, the immune system need not remain in the black box commonly invoked in studies of ecological immunology (and acknowledged by Owens and Wilson 1999 and Norris and Evans 2000) .
Knowledge of immunological mechanism could inform other approaches to understanding the evolution of immunity. Promiscuous primates reportedly possess a greater number and greater number of types of white Volume 77 THE QUARTERLY REVIEW OF BIOLOGY blood cells than do related monogamous species, perhaps due to differences in risk of exposure to sexually transmitted parasites (Nunn et al. 2000) . The meaning of this intriguing correlation is unclear, however, in the absence of information on the specificity and efficacy of those white blood cells (Read and Allen 2000) . The inclusion of such mechanistic details, linking observed immunoheterogeneity with its differential fitness consequences, is critical.
Immunoheterogeneity among hosts (both within and between host species) thus has yet to be grounded in a general mechanism-wise evolutionary framework (Gemmill and Read 1998; Read and Allen 2000) . This is particularly true with regard to effector efficacy, the aspect of immune system functioning that may be most closely tied to host fitness. Immunoheterogeneity has been linked to fitness primarily in discussions of "Red Queen" coevolution between the antigenic diversity of parasites, on the one hand, and major histocompatibility complex diversity (or other molecular-level measures of diversity in the ability of hosts to recognize antigen), on the other (Ebert and Hamilton 1996; Parham and Ohta 1996; Hill 1998; Hill and Motulsky 1999; Penn and Potts 1999; Vogel et al. 1999) . However, the performance of the immune system's regulatory apparatus (including T-helper cells) and effectors is probably as important as receptor diversity per se (Rollo 1995) in determining immunocompetence and hence fitness. If genetic variations lead directly to variations in defensive efficacy, then the efficacy of responses might constrain strategies for defense in a coevolutionary context ( Jokela et al. 2000) . Data on the causes and consequences of variation among immune responses could elucidate these possibly distinct influences of receptor and effector heterogeneity upon coevolutionary dynamics.
Finally, analysis of immunological data could improve our understanding of the evolution of biological decision making in general. For example, a daunting array of data is required to understand natural selection on a phenotypically plastic trait in a variable environment: 1) responses of the trait to environmental cues; 2) patterns of environmental variation; 3) type and strength of selection within each environment; and 4) maternal effects or other historical factors that affect trait expression . Experimental immunology provides information on the optimal phenotypes for different environments (i.e., parasites), as well as the genetic correlations that can constrain the ability of an organism to attain the optimal phenotype in each environment. Epidemiology provides information on the environmental heterogeneity experienced by human immune systems, including the spatial and temporal changes in selective regime due to parasites. The immune system may be a good model system in which to address such data-intensive evolutionary questions.
The further synthesis of immunology and evolutionary ecology is thus bound to be beneficial to both fields. The analytical tools of evolutionary ecology can help to integrate the information gleaned in lab studies, generating predictions about potentially complex phenomena such as the outcome of immuneresponse mediated interactions among infections. At the same time, the gold mine of immunological data will allow evolutionary ecologists to test hypotheses about fitness tradeoffs and plastic responses to variable environmental conditions in a system with wellcharacterized mechanics. 
